Influencing positional modulation / Optical materials / Modulated structure / Single crystal structure analysis / Neutron diffraction Abstract. We report on the influence of the barium content on the modulation amplitude in Sr x Ba 1Àx Nb 2 O 6 compounds by comparing Sr 0.61 Ba 0.39 Nb 2 O 6 (SBN61) and Sr 0.34 Ba 0.66 Nb 2 O 6 (SBN34). Our single crystal neutron diffraction results demonstrate that the amplitude of the positional modulation of the NbO 6 octahedra is reduced with increasing barium content, indicating that the origin of the modulation is the partial occupation of the pentagonal channels by Sr and Ba atoms. By increasing the Sr content the bigger Ba atoms are replaced by the smaller Sr atoms, which leads to a larger deformation of the surrounding lattice and hence to a larger modulation amplitude. The more homogeneous the filling of these channels with one atomic type (Ba) the lower the modulation amplitude. Our results also show that the structure can be described with a two-dimensional incommensurate harmonic modulation. No second order modulation has been observed, both by single crystal diffraction measurements and q-scans. The positional modulation of the Nb atoms is much smaller than that of the oxygen atoms, such that the modulation can be seen as a rotational modulation of almost rigid NbO 6 -octahedra.
Introduction
The uniaxial ferroelectric relaxor strontiumbariumniobate (SBN), Sr x Ba 1Àx Nb 2 O 6 (0:26 x 0:87) [1] , is a photorefractive material usable in a variety of optical applications, such as optical data storage [2] and data processing [3] as well as optical phase conjugation [4] . These applications are based on the high photorefractive sensitivity. Ad-ditionally the material has large pyroelectric, electro-optic, and piezoelectric coefficients [5, 6, 7] . Furthermore, SBN is a model substance for the investigation of the relaxor type ferroelectric phase transition, where ferroelectric nanoclusters are stabilized by internal random fields above the critical temperature T c over a wide temperature range, such that the ferroelectric polarization does not decay spontaneously at T c [8] . This relaxor behavior is well explained by the Random-Field-Ising model for the ferroelectric phase transition. Assuming an internal random electric field, all critical exponents could be determined according to the scaling relation [9] [10] [11] . They fulfill the Rushbroke relation and belong to the universal class of the three-dimensional Random-Field-Ising model. Note however, that the model underlying the ferroelectric relaxor properties of SBN is a controversial issue, as discussed, e.g., in Ref. [12] . From a structural point of view the space group of the average structure changes from P -4b2 to P4bm during this high-temperature ferroelectric phase transition, while the incommensurate modulation remains [13, 14] .
The average structure of congruently melting Sr 0:61 Ba 0:39 Nb 2 O 6 (SBN61) in the ferroelectric phase, spacegroup P4bm (No. 100), has been determined by X-ray diffraction [15] , showing that the structure is a three-dimensional network of NbO6-octahedra linked at their corners forming alternating five and four-membered rings (see Fig. 1 ). The structure contains two crystallographically non-equivalent Nb-atoms: Nb1 and Nb2. The Nb(1)--O 6 -octahedra have point-symmetry mm2 and form infinite chains of the composition [NbO 5 ] 5À along the crystallographic c-axis. The Nb(2)--O 6 --octahedra are located in general positions (point symmetry 1) and form channels along the c-axis of square cross section. The Sr atoms occupy positions of symmetry 4 inside these square channels. This is illustrated in Fig. 1 showing the pentagonal channels A1 occupied by Sr only and the channels A2 filled by Sr/Ba. The trigonal channels C remain empty. The pentagonal channels are wider than the square chan-nels. All the Ba and some of the Sr atoms are located in such larger channels (point symmetry m), which are not fully occupied. Five Sr and Ba atoms are distributed over six sites. In the early structure determinations of SBN [16] split positions for oxygen atoms were introduced to account for the disorder caused by the Sr/Ba distribution in the crystals. Later Schneck et al. [13] observed satellite spots at positions h AE 1 þ d 4 ; k AE 1 þ d 4 ; l AE 1 2 with d ¼ 0:26ð5Þ in Sr 0:71 Ba 0:29 Nb 2 O 6 , which revealed the incommensurate nature of the structural modulation. These results were confirmed by Balagurov et al. [14] in neutron time-of-flight measurements on Sr 0:7 Ba 0:3 Nb 2 O 6 where d ¼ 0.22 (1) was found. More time-of-flight studies revealed that the modulation parameter d is slightly decreasing with decreasing Sr-concentration x for different compositions 0:46 < x < 0:75 [17] . From electron diffraction measurements on Sr 0:5 Ba 0:5 Nb 2 O 6 d ¼ 0.190 (5) was reported [18] . Only recently X-ray measurements with a systematic collection of satellite reflections were performed on a Sr 0.61 Ba 0.39 Nb 2 O 6 single crystal and subsequently analyzed in terms of the superspace formalism [19] .
Recently the average structure of Sr x Ba 1Àx Nb 2 O 6 in the composition range 0:32 < x < 0:82 was systematically investigated by X-ray diffraction [21] . It was shown that the lattice parameters a and c decrease with increasing strontium content, which could be ascribed to the exchange of Ba by Sr in the pentagonal A2 channels. The occupation of the square A1 channels remains nearly constant for all concentrations x. In order to explore the influence of the composition x on the modulated structure and its physical origin in SBN we present here a neutron diffraction investigation on single crystals of Sr x Ba 1Àx Nb 2 O 6 with the two compositions x ¼ 0:61 and x ¼ 0:34. As demonstrated in a recent powder diffraction study on SBN [22] , neutron diffraction is especially suited for this kind of structural investigation, because the neutron scattering length of O (5.803 fm) is of the same order of magnitude as that of the heavy nuclei Sr (7.02 fm) and Ba (5.06 fm). Therefore the description of a positional modulation of the oxygen atoms beside the heavy atoms strontium and Barium is possible with high accuracy. A second reason to use neutron diffraction is the fact, that neutrons are scattered by the nucleus, making them very sensitive to positional disorder as shown e.g. by many studies investigating Cu--O distances in high-temperature superconductors as successfully shown by [23] . The data are analyzed using the superspace approach for the description of the two-dimensional incommensurate modulation.
Experimental and computational details
The crystals of SBN61 and SBN34 were grown by the Czochralski method in the crystal growth laboratory of the University of Osnabrück.
For the q-scans on SBN61 on the cold triple axis spectrometer TASP [24] /SINQ [25] and the measurements on TriCS [26] /SINQ, a crystal of size 4 Â 4 Â 5 mm 3 was poled by applying an electric field of 500 V/mm along the crystallographic c-axis during 6 hours at 23 C. The same SBN61 crystal was polarised by applying 270 V/mm at T ¼ 130 C and field-cooled down to room temperature before the full data collection on the hot neutron diffractometer 5C2/LLB (dataset 1). An additional dataset on the same SBN61 crystal has been collected at TriCS (Table  VII --IX, appendix [27] ) in order to test the crystal for the 5C2/LLB measurement and to make first searches for potential second order satellites.
The SBN61 (dataset 1) crystal has an almost cubic shape with with minor crystallographic faces on the edges. The size of the unpoled crystal of SBN34 measured on TriCS/SINQ (dataset 2) has maximum dimensions 9 Â 9 Â 9 mm 3 with non rectangular faces of known crystallographic orientation. All experimental conditions are listed in Table 1 .
Data collection
For the data collection, we doubled the tetragonal c-axis in order to match the later refinement with the incommensurate modulation vectors Q 1;2 ¼ ða; AEa; 1 = 2 ) when using the original cell. This simple transformation with twice the c parameter of the original cell makes it possible to separate internal and external parameters completely. It leads to an additional centering which can be characterized by one non-primitive centering vector, (0, 0, 1 = 2 , 1 = 2 , 1 = 2 ). The modulated structure satellite reflections are consequently at positions given by the modulation vectors Q 1;2 ¼ a Á ða * AE b * Þ with a ¼ 0.3075 for SBN61 and a ¼ 0.2958 for SBN34, respectively, with c ¼ 2 Á c av . Data sets were collected on the instruments 5C2/LLB (SBN61, dataset 1) and TriCS/SINQ (SBN34, dataset 2). Data collections were performed using w-scans and single detectors for The pentagonal channels A2 are filled by strontium and barium (Sr2/Ba1), the tetragonal channels A1 by strontium (Sr1) only, and the trigonal channels C remain empty. 5 Sr/Ba atoms are distributed over 6 A1/ A2 sites. all instruments. Lorenz correction has been applied to all datasets. The measurements are summarized in Table 1 . Absorption was corrected in JANA2000 [28] using the exact shape of the crystal.
The TASP/SINQ instrument was used to perform high-resolutions q-scans in order to search weak higher order satellites not detected on the single crystal diffraction instruments. TASP is especially suited for this purpose due to its very low background: High collimation and suppressing inelastic scattering increase the peak-tobackground relation on this instrument dramatically in respect to conventional diffraction instruments such as 5C2 or TriCS. 
Refinement
The average structure is refined in the space group P4bm (No. 100). The tetragonal lattice parameters are c ¼ 7.8856(2) A and a ¼ 12.4815(3) A (c ¼ 2 Á c av has been doubled). The Ba content is fixed at 1 À x ¼ 0.39 for SBN61 and 1 À x ¼ 0.66 for SBN34. These values were determined by X-ray fluorescence [1] and neutron activation [29] analysis. The sum of the occupancies of atoms Sr1, Sr2 and Ba2 was constraint to 1. The coordinates as well as the displacement parameters of the Atoms Sr2 and Ba2, sharing the same crystallographic site (4c) in channel A2 in a statistical manner, are constrained. Isotropic extinction correction Type I (Lorentz distribution of mosaics) has been applied [30] [31] [32] . For the modulated structures, the superspace group P4bm (a, a, 1 = 2 , a À a, 1 = 2 ) as tabulated by De Wolff [33] has been used. The refinement has been done in 5-dimensional superspace as described by de Wolff [33] and Janner & Janssen [34, 35] using the program JANA2000 [28] . The details of this concept for the present case (2 modulation vectors, 5 dimensional space) are given in Refs. [19] or [36] .
Results
Main structural results are discussed on the example of SBN61, since the peculiarities of the modulated structure are more pronounced than in SBN34. Furthermore the results can be compared to the available X-ray refinement [19] . On the other hand, the comparison to the results of the SBN34 structural analysis gives clear evidence of the origin of the modulation. In order to clarify a possible disorder of the strontium and barium sites and to estimate the influence of anisotropic temperature factors we have also analysed the average structure of SBN61 carefully. This procedure is necessary for a sound interpretation of the subsequent modulated refinements.
Average structure of SBN61
The average structure has been refined using a fixed Ba content of 1 À x ¼ 0.39. The tetragonal lattice parameters are a ¼ 12.481(8) A, c ¼ 7.885(6) A (also in this case, we used c ¼ 2 Á c av for better comparison of the results). The refinement with isotropic displacement parameters U iso yields agreement factors R ¼ 0.195 and Goodness of fit S ¼ 26.3. The refined parameters are given in [20] . The refinement can be improved by introducing anisotropic displacement parameters U ij (i, j ¼ 1, 2, 3) yielding R ¼ 0.093, S ¼ 12.2, at the cost of negative values for the atom Nb1 (Tables VII and X in the appendix [27] ). In both cases large displacement parameters are obtained for Sr2/Ba2 and all oxygen atoms. Sr2/Ba2, O4 and O5 exhibit large values of U 11 , U 22 , and U 12 whereas for O1, O2 and O3 large values of U 33 are obtained, indicating that the modulation of the former are within the tetragonal plane, whereas that of the latter are along the crystallographic cdirection. Refining the atoms Sr2/Ba2 unrestricted does not improve the quality of the fit and is therefore not considered for the final refinement. Looking at the differ-ence Fourier map ( Fig. 2 ) one can clearly see the mismatch in the refinement at the O4 and partially O5 positions for SBN61. Refining split positions for the O4 atom improves the agreement factors significantly to R ¼ 0.063 but at the cost of negative displacement parameters for several atoms and is therefore discarded as an unphysical solution of the structure. As is evident from the difference Fourier map (Fig. 2 ), one would have to introduce more than two positions to describe the behavior at the O5 position.The refinement of the average structure from neutron data is in agreement with that observed by X-rays [19] , but also shows that the inclusion of a modulation as done in the next section is imperative.
Modulated structures of SBN61 and SBN34
The analysis of the modulated structure is done using the superspace approach. Thereby the incommensurate modulation is described using a five-dimensional space, in order to account for the two modulation vectors Q 1;2 ¼ (a, AEa, 0), where Q 1;2 is in respect to the doubled c-axis as defined in Table 1 . The method is summarized in detail in Ref. [19, 27] . The refinements are performed in the superspace group P4bm (aa 1 = 2 , aa 1 = 2 ). Starting from the average structure, two harmonic positional modulation waves are introduced for all atoms. Again, the parameters of Sr2 and Ba2 located in channel A2 (see Fig. 1 ) are constrained to have identical positional and displacement parameters in all refinements. Introduction of an additional occupational disorder function for Sr2/Ba2 did not result in significant improvements of the agreement factors and was therefore not taken into account in the final refinement. However we introduced two modulation waves for the displacement parameters of the Sr2/Ba2 atoms in order to take into account that two different atoms occupy the same position. These two modulation waves then incorporate effects originating from the slightly varying positions of Sr2/Ba2 in the disordered lattice, e.g., different orientations of the . Atomic Fourier amplitudes of selected atoms in SBN61/LLB (dataset 1) and SBN34/TriCS (dataset 3) at ambient temperature of the displacive modulation functions (details of the formalism are given in Eq. 3.24 in [36] . The full table is given in an appendix [27] . Wave symbol c correspond to a cosinus, s to a sinus modulation, 1 and 2 to modulation vectors Q 1;2 ).
atom wave x y z x y z SBN61, 5C2, dataset 1 SBN34, TriCS, dataset 2 Nb1 0 0.5 0.0019(5) 0 0.5 0.0067 s; 1; 0 À0.0024(4) À0.0024(4) 0 0.0001(6) 0.0001 (6) c; 1; 0 0 0 À0.0034(10) 0 0 0.0004(10)
Nb2 0.07463(6) 0.21139(6) À0.0085(4) 0.07397(10) 0.21084(10) 0.0016 (6) s; 1; 0 À0.0010(4) À0.0013(4) À0.0034(5) À0.007(5) 0.0016(5) À0.0002 (5) c; 1; 0 0.0011(4) 0.0016(4) À0.0024(5) À0.0007(5) 0.0016(5) À0.0002 (5) s; 0; 1 À0.0039(4) 0.0024(4) À0.0019(5) À0.0001(5) 0.0010(4) 0.0002 (5) c; 0; 1 0.0021(4) À0.0021(4) 0.0004(5) À0.0003(4) 0.0019(4) À0.0003 (5 (11) s; 1; 0 0.0032(5) 0.0032(5) À0.0030 (14) 0.0001(4) 0.0001(4) 0.0019 (14) c; 1; 0 0.0024(6) 0.0024(6) 0.0081(12) 0.0004(4) 0.0004(4) 0.0027 (15) s; 0; 1 0.0057(10) À0.0057(10) 0 0.0060(5) À0.0060(5) 0 c; 0; 1 À0.0038(6) À0.0038(6) 0.0011(15) À0.0016(4) À0.0016(4) 0.0003 (14) O1 0.21835(10) 0.28165(10) À0.0214(6) 0.21663 (14) 0.28337 (14) À0.0143 (9) s; 1; 0 0.0003 (7) 0.0003(7) 0 À0.0029(6) À0.0029(6) 0 c; 1; 0 0.0028(8) À0.0028(8) 0.0186(9) À0.0005 (7) 0.0005 (7) 0.0111 (8) s; 0; 1 À0.0024 (7) 0.0024 (7) 0.0099(10) À0.0009(6) 0.0009(6) 0.0091 (8) c; 0; 1 À0.0032 (7) 0.0032 (7) À0.0151(10) À0.0021 (7) 0.0021 (7) À0.0074 (9) O2 0.13938(10) 0.06819(9) À0.0268(6) 0.14047 (15) 0.06960(13) À0.0209 (8) s; 1; 0 À0.0005(8) À0.0023 (7) 0.0220(8) À0.0024 (7) 0.0010 (7) 0.0105 (6) c; 1; 0 0.0027(8) À0.0053 (7) 0.0170(10) 0.0011 (7) 0.0016 (7) 0.0085 (7) s; 0; 1 À0.0055(8) À0.0034(8) 0.0157(9) 0.0034 (7) À0.0006(6) 0.0081 (6) c; 0; 1 0.0039(8) À0.0036 (7) À0.0237(8) 0.0035 (7) 0.0015 (7) À0.0163 (6) O3 À0.00585(10) 0.34357(9) À0.0280 (6) À0.00618(15) 0.34372(15) À0.0186 (9) s; 1; 0 0.0037 (7) 0.0041(6) À0.0291 (6) À0.0014 (7) À0.0055 (6) À0.0127 (6) c; 1; 0 0.0058(8) 0.0017(8) À0.0093(10) À0.0027 (7) 0.0012 (7) À0.0041 (7) s; 0; 1 À0.0041(6) À0.0052(5) À0.0256(8) 0.0026 (7) 0.0009(6) À0.0184 (7) c; 0; 1 0.0030(9) À0.0008(8) 0.0094(11) 0.0009 (7) À0.0013 (7) 0.0050 ( thermal ellipsoids. The displacement parameters are chosen anisotropic, yielding minor negative values for the oxygen atoms. The refinement for the two datasets of SBN61 collected on the instrument 5C2 (dataset 1) and TriCS (dataset 3 with lower q-range, discussed in detail in the thesis of Schaniel [20] , tables summarized in the appendix [27] ) are in excellent agreement. However, small residual differences remain, as e.g shown by the difference Fourier maps around oxygen atoms O4 and O5 ( Fig.3 ), but are dramatically reduced compared to the refinement using an average structure (see Fig. 2 ). As illustrated in Fig. 4 similar difference Fourier maps are obtained for SBN34 after final refinement, however the remaining residuals are much smaller than in the SBN61. The final refinement of the structure yields total agreement factors of R w; obs ¼ 0.0908, S ¼ 7.15 and agreement factors of R all ¼ 0.0579 for main and R w; all ¼ 0.192 for satellite reflections for SBN61. For SBN34 total agreement factors of R w; obs ¼ 0.111, S ¼ 6.96 and agreement factors of R all ¼ 0.091 for main and R w; all ¼ 0.134 for satellite reflections are obtained. This is approximately a factor of two above the agreement factors obtained from the extended Xray data sets of SBN61 collected by Woike et al. [19] yielding a R w of 0.045 for the main reflections and R w of 0.126 for the satellite reflections. This indicates that the positions of the oxygen could have a systematic error, as neutrons are more sensitive to the oxygen positions compared to Xray diffraction studies. Note however that the X-ray study on SBN61 was performed only up to sin q=l-values of 0.75 A À1 , while our neutron study goes up to 1.0 A À1 .
The full parameter set of the final refinement are available from the supplementary material [27] . It can be seen that the form of the modulation is the same for SBN61 and SBN34, but the amplitude is reduced by a factor of two in SBN34. A comparison between selected values is listed in Table 4 . The sine-and cosine part of the harmonic modulation waves belonging to the two modulation vectors are indicated by s; m; n and c; m; n ðm; n ¼ 0, 1), e.g. s, 1,0 is the sinusoidal modulation contribution from the modulation vector Q 1 . Overall the atoms Sr2/Ba2, O4, and O5 are modulated in the tetragonal ab-plane whereas the atoms O1, O2, and O3 are mainly modulated along the c-direction of the crystal. The atoms Nb1, Nb2, and Sr1 exhibit only a small positional modulation. Taking exemplarily the atom O4 (which has the highest modulation amplitude) for comparison of SBN61 and SBN34, we find that the s; 1; 0 amplitudes are reduced by a factor of 3 and the c; 1; 0 amplitudes by a factor of 2. This difference in modulation amplitude is then also reflected in the minimal/maximal distances (selected values listed in Table 4,  full listing see Tables III/IV (2) A for Nb2--O4 iv , are the same within experimental error for SBN61 and SBN34. Compared to the results of the X-ray study for SBN61 [19] , where the interatomic distances Nb2--O5 and Nb2--O5 iv (O4 and O5 are interchanged in the two papers) range from 1.79 (3) Fig. 4 . Difference Fourier map of the refined modulated structure of SNB34 (dataset 2) at ambient temperature at z ¼ 0.234 showing the atoms O4 (center, red online version) and O5 (top, yellow online version). Contours 1, maximum 2.0, minimum À1.9. Table 3 . Symmetry codes used in JANA2000.
Àx4 Àx5
modulation of the Nb2--O4/O4 iv distances in SBN61 of 0.30(3) A/0.25(3) A in the neutron case is significantly larger than the 0.19(6) A/0.23 (6) A found in the X-ray study. This fact is also nicely observed in the Fourier maps, as shown for the observed positional modulation of O4, together with the fitted position along the first modu-lation vector Q 1 in SBN61 in Fig. 5 , which shows the larger modulation amplitude compared to the corresponding figure in the X-ray study ( Fig. 6 in Ref. [19] ). From these figures it becomes also clear why the agreement factors in the neutron case are worse than in the X-ray case, although the description of the O4 modulation seems slightly better: the high oxygen sensitivity of the neutron yields high R-values even for small mismatches in the modulation description. In SBN34, as illustrated in Fig. 6 , the modulation amplitude is significantly reduced as discussed above, leading to better agreement factors. Similar observations concerning average, minimal, and maximal values of distances are made for the Sr/Bapolyhedra, where in the neutron refinement a larger amplitude is found than in the X-ray refinement, especially for the distances including the atoms O4 and O5. Here again the Sr/Ba atoms have a much smaller modulation amplitude than the oxygen atoms, as illustrated exemplarily for SBN61 in Fig. 7 , which shows how the x-coordinate is changing as a function of t 1 for atoms Ba2, Sr1, Nb1, Nb2, ad O4, where x is defined as
where U yz;m;n are the modulation amplitudes listed in Table 2 . This means, for t 2 ¼ 0 the third and fourth term make just a constant but generally non-zero contribution to the curves shown in Fig. 7 for SBN61 and Fig. 8 for SBN 34, Table 4 . Comparison of selected interatomic distances in the NbO 6 -octahedra for SBN61 (neutron and X-ray data) and SBN34 (neutron data only). O4 and O5 are interchanged in this study and in the X-ray study of Woike et al. [19] . All distances are in [ A]. respectively. The Sr1 atoms in the tetragonal A1 channels are hardly modulated as shown in Fig. 9 . Corresponding modulations in SBN34 are drastically reduced (Fig. 8 ).
Detailed interatomic distances and full tables are listed in the supplementary material [27] .
It is known from X-ray diffraction experiments on the average structure, that the occupation of the square channels (Sr1) is hardly affected by the decreasing Sr content [21] . The exchange of Sr and Ba takes place in the pentagonal channels. So for the SBN61 the site occupancies (in comparison to the the maximum occupancy of 1) are 0.72 for Sr on A1 (2a), 0.4875 for Ba on A2 (4c), and 0.402 for Sr on A2 while for SBN34 the corresponding site occupancies are 0.62 for Sr on A1, 0.825 for Ba on A2, and 0.11 for Sr on A2 [21] . Therefore in SBN34 we have an almost uni-atomic occupancy of the two sites, the A1 channels are solely occupied by Sr while on the A2 sites the Sr : Ba ratio is 1 : 7 compared to 6 : 5 in SBN61. Hence we can argue that the reduced amplitude of the modulation is due to the reduced distortion exerted on the lattice by the more homogeneous filling ratio by only one atomic type (Ba) of the A2 channels in SBN34. The mod-ulation does not disappear due to the fact that still one of six sites remains empty.
Both, triple-axis experiments (q-scans on TASP/SINQ, Fig. 10 ) and measurements on the single crystal instruments 5C2/LLB (test of 829 2 nd -order satellites) and TriCS (150 2 nd -order satellites) showed no evidence for higher order satellites in SBN61. Therefore only harmonic modulation waves have been introduced for our refinement. There is obviously no satellite observed for positions d 1;2 ¼ 2 in Fig. 10 . The observed side reflections of the satellites (0.3075, 5.3075, -1) and (0.3075, 5.3075, 1) correspond to (002)-and (111)-aluminum-powder lines from the sample holder.
Conclusions
The structures of Sr x Ba 1Àx Nb 2 O 6 , x ¼ 0.61 and 0.34, at ambient temperature can be described with two incommensurate modulations vectors Q 1;2 ¼ (a, AEa, 0) (a ¼ 0.3075 for SBN61 and a ¼ 0.2958 for SBN34) in a harmonic approximation. Our study clearly shows, that the modulation amplitude of the oxygen O4 atoms is decreasing by a factor of 2 going from SBN61 to SBN34 (increased Ba content), but the modulation has the same shape. The positional modulation of the Nb atoms is much smaller than that of the oxygen atoms. It is therefore originating mainly from a rotational modulation of the NbO 6 -octahedra. The physical origin for this rotational modulation is most probably the filling of the pentagonal A2 channels by Sr and Ba atoms, as evidenced by the decrease of the modulation amplitude with increasing Ba content when going from SBN61 to SBN34. Due to their different size the surround- ing lattice is deformed leading to the modulation of the oxygen atoms. The atom with the highest modulation is the apical O4 atom, which is in the same plane as the Sr/ Ba atoms. The second type of NbO 6 octahedra is significantly less influenced by the modulation, as seen by the lower modulation amplitude of O5 (Nb(2)--O 6 -octahedra) compared to O4 (Nb(1)--O 6 -octahedra). Remaining intensities in the difference fourier maps around O4/O5 as well as slightly negative temperature factors show, that the model needs further improvement. However, without observing higher order satellites refinement has to stay in the harmonic approximation. From our diffraction data and extended q-scans, we can exclude satellites of second order, such as 2 Á Q 1 ; 2 Á Q 2 , Q 1 þ Q 2 ; Q 1 À Q 2 . Also extended q-scans did not show any higher order satellites.
We list here the extended tables of the structure refinement for SrxBa1−xNb2O6 , x=0.61 (SBN61) and x=0.34 (SBN34), at ambient temperature. Structure refinement has been done using JANA2000. The neutron single crystal measurement for SBN61 have been performed at 5C2/LLB, Saclay, France, for SBN34 at TriCS/SINQ, Villigen PSI, Switzerland. 0.0064 (7) 0.0064 (7) -0.0024(7) 0.0010(7) 0.0105(6) c,1,0 0.0011(7) 0.0016(7) 0.0085(7) s,0,1 0.0034(7) -0.0006(6) 0.0081(6) c,0,1 0.0035(7) 0.0015(7) -0.0163(6) O3 1 -0.00618(15) 0.34372(15) -0.0186(9) 0.0106(8) s,1,0 -0.0014(7) -0.0055(6) -0.0127(6) c,1,0 -0.0027(7) 0.0012(7) -0.0041(7) s,0,1 0.0026(7) 0.0009(6) -0.0184(7) c,0,1 0.0009(7) -0.0013(7) 0.0050 (6) (1) 40(1) 9(1) -30(2) 0.2(2) 0.2(7) Ba1 40 (1) 40(1) 9(1) 
I. SUPERSPACE APPROACH
The superspace approach provides an elegant method to account for the incommensurate modulation of a structure by describing it in higher-dimensional space.
Main reflections and satellites
Modulated crystal structures are characterized by appearance of reflections at non-Bragg positions (in three dimensions). The positions of these reflections in reciprocal space can be described using
where b 1 , b 2 ,b 3 are the reciprocal lattice vectors (h, k, l, m i integers) and
are called modulation vectors. The modulation is called commensurate if all Q i,j (i = 1, ..., d, j = a, b, c) are rational and incommensurate if at least one of the Q i,j is irrational. Reflections with all m i = 0 are called main reflections, whereas diffraction spots with at least one m i = 0 are called satellites. The Fourier transform of the main reflections is the average structure in real space. Taking into account the satellite reflections, the Fourier transform yields a structure in real space which does not exhibit translation symmetry anymore. To overcome this problem de Wolff 1 and Janner & Janssen 2,3 , Wolff and Janner 4 developed the so-called superspace approach. Thereby the reciprocal lattice is embedded in a higher dimensional space R * n+d (n = dimension of the average structure, d = number of modulation vectors). The measured reflections are the projection of this higher-dimensional lattice onto R * n as illustrated in Fig. 1 for the four-dimensional case, i.e. for only one modulation vector. The Fourier transform of this projection is a section of a higher-dimensional structure which possesses again the full translational symmetry in real space R n+d . In the following a short description of this superspace approach is given for the five-dimensional case (R * 3+2 ), as this is the one applied to the investigated material. For a modulated structure with two independent modulation vectors Q 1 and Q 2 all reflections can be described using five indices: Q(h, k, l, m, n) = hb 1 + kb 2 + lb 3 + mQ 1 + nQ 2 .
(3)
The modulation vectors can be described using the reciprocal lattice vectors:
The direct lattice A with base vectors a 1 , a 2 , a 3 contravariant to the reciprocal lattice B with base vectors b 1 , b 2 , b 3 describes the average structure of the crystal. The A-lattice vectors cannot all be vectors of translation symmetry, or there would be no satellites.In reciprocal space the structure can be described with five base vectors b
But there is no set of vectors contravariant to them in the three-dimensional real space. The satellites are considered as projections of lattice points of a five-dimensional lattice B in five-dimensional space R * 5 onto the three-dimensional space R * 3 . Assuming the projection to be orthogonal to R * 3 , the lattice B can be based on vectors b i , three of which lie in R * 3 :
where e 4 and e 5 are unit vectors perpendicular to R * 3 . A set of vectors a i reciprocal to b i can be found using the condition:
One set of vectors fulfilling equation 7 is:
This set of vectors spans a lattice in direct space which exhibits again the full translational symmetry. But how is the actual electron density (x-rays) or nuclear scattering density (neutrons) ρ connected to the periodic density ρ obtained in this five-dimensional space? The answer is given by the nature of the Fourier transformation itself. In reciprocal space the reflection pattern is treated as a projection onto R * 3 , i.e: F 3 (ρ) = projection of F 5 (ρ ) along e 4 and e 5 .
The Fourier transform of a projection is given through a section. Therefore ρ is a section of ρ , obtained by intersecting ρ with the hyperplane R 3 , which is perpendicular to e 4 and e 5 by definition.The coordinates in R 5 with respect to the base a 1 ,. . . ,a 5 are x 1 ,. . . ,x 5 . The hyperplane R 3 perpendicular to e 4 and e 5 is defined by e 4 · (x 1 a 1 + x 2 a 2 + x 3 a 3 + x 4 a 4 + x 5 a 5 ) = 0,
e 5 · (x 1 a 1 + x 2 a 2 + x 3 a 3 + x 4 a 4 + x 5 a 5 ) = 0,
or equivalent In four dimension the structure is periodic, whereas in R3 in every unit cell a different position of the atom is found.
II. SUPERSPACE APPROACH

III. MODULATED CRYSTAL STRUCTURES
A modulated crystal structure is obtained from normal structures by modifying some parameter p of an atom at (x 1 ,x 2 ,x 3 )
in such a way that it becomes a periodic function with unit period, i.e.
p(x + n x , y + n y ) = p(x, y)
with n x , n y integers. This function can be different for different atoms in the unit cell, but the constants Q i,j are the same for all atoms. The parameter p can be a fractional coordinate (displacive modulation), a magnetic moment (magnetic modulation), an average occupational fraction (substitutional modulation), or even the displacement parameters of an atom. Such a crystal is a section through a five-dimensional structure if each atom is represented in R 5 by strings in the directions of e 4 and e 5 . In each section t = constant and u = constant the strings appear as an atom again. In order to yield the modulated structure in R 3 the value of p has to be
with t = constant and u = constant. According to 16 and 17 this is identical to p(x 4 , x 5 ) referring to the point in R 5 defined by the given values of t, u andx i .
Structure factor for modulated structures (d = 2)
The displacive modulation of the ν'th atom in the unit cell defined by n can be described as follows 9 :
r nν = r 0 ν + n + u ν {Q 1 · (n + g ν ), Q 2 · (n + g ν )}
where r 0 ν is the average position of the atom ν, u ν is a two-dimensional periodic vector field u ν (x 4 , x 5 ) = u ν (x 4 + n 4 , x 5 + n 5 ) (n 4 , n 5 integers). Q 1,2 are the incommensurate modulation vectors and the vector g ν determines the phase reference point of the displaced entity, which can be chosen in several ways 7 . Here the atomic displacement model is considered, i.e. g ν = r 0 ν . The vector field u ν is the general modulation function of the atomic position. It can be expanded into a truncated Fourier series (using l harmonic waves):
Harmonic occupational (substitutional) modulation, i.e when two atoms with different scattering power f 1ν and f 2ν are located at the same position r ν
generates only first order satellites with structure factors F ν (h, k, l, 0, 0) = f1ν +f2ν 2 exp (2πiτ 00 r ν ),
F ν (h, k, l, ±1, 0) = f1ν −f2ν 2 exp (2πiτ ±10 r ν ),
F ν (h, k, l, 0, ±1) = f1ν −f2ν 2 exp (2πiτ 0±1 r ν ).
The main reflection is at τ 00 = hb 1 + kb 2 + lb 3 and the two satellites for each modulation vector appear at τ ±1,0 = hb 1 + kb 2 + lb 3 ± Q 1 and τ 0,±1 = hb 1 + kb 2 + lb 3 ± Q 2 .
IV. SUPERSPACE GROUPS
The 775 superspace groups for one-dimensionally modulated structures have been tabulated by De Wolff et al. 4 and Yamamoto et al. 5 . Tables for the 3355 superspace groups for two-dimensionally and for the 11764 superspace groups for three-dimensionally modulated crystal structures can be found at http://quasi.nims.go.jp/yamamoto/index.html 6 .
